The 2016 DiNenno Prize recognizes oxygen consumption calorimetry as a significant technical achievement that has had a major impact on public safety. Oxygen consumption calorimetry has made the measurement of heat release rate of a fire a routine part of fire testing for both research and for regulatory compliance. Heat release rate is a primary metric of fire size which is foundational in modern fire protection engineering. The 2016 Philip J. DiNenno Prize is awarded to Dr. William Parker, with ample commendation to his deceased collaborator, Dr. Clayton Huggett. Others who made contributions to the early development and application of oxygen consumption calorimetry include
Introduction
The DiNenno Prize is intended to recognize "technical achievement that has made a significant impact on public safety…". The development of oxygen consumption calorimetry is the technical achievement recognized by the 2016 Philip J. DiNenno Prize. Oxygen consumption calorimetry (OCC) allows the measurement of the heat release rate (HRR) of a fire by the measurement of the oxygen consumed by the fire.
The concept of oxygen consumption calorimetry was developed in the late 1970's and was quickly adopted for small scale, large scale, and industrial scale applications. The importance of the rate of heat release had been recognized since the late 1950's and several thermal methods had been attempted. However, these methods were difficult to implement and resulted in relatively low measurement accuracy.
The oxygen consumption calorimetry method is based upon the constancy of the heat released per unit oxygen consumed. It requires the collection of all fire effluent in the exhaust, measurement of the exhaust system flow rate, and the oxygen concentration in the exhaust. Since the effluent from fire tests needs to be collected in any laboratory setting, the addition of a flow measurement and oxygen concentration to existing apparatus was straightforward and relatively easy to implement. The measured heat release rate has been used as a figure of merit for the fire safety of materials or assemblies, and is used as an input to fire models and calculation procedures. Heat release rate measurements by oxygen consumption are utilized in most modern standard fire test methods, and the measurement of heat release rate, as the basis of modelling and analysis of performance based design solutions, is the foundation of modern quantitative fire protection engineering. Oxygen consumption calorimetry ushered in the modern era of fire safety science and engineering.
Technical achievement
The rate of heat release is the primary scientific description of a fire. It governs the physical size of the fire and the potential to do thermal damage. It relates directly to the generation rate of toxic gases by a fire. The principle of oxygen consumption calorimetry is that the heat release rate can be determined from the oxygen content of the exhaust flow from a hood that collects all the fire products/smoke from a burning item or enclosure. By measuring the exhaust flow rate and the oxygen concentration in the exhaust, the heat release rate can be determined with reasonably good precision.
The first heat release rate method was a thermal compensation method for measuring heat release rate prior the development of OCC (Thompson and Cousins 1959) . The method was implemented in the FM Roof Calorimeter. Simple temperature and flow measurements in the exhaust stream were found to be of low fidelity due to heat losses in the exhaust system. The OSU Calorimeter (Smith 1971) , an early bench scale test for measuring heat release rate, used this method. Measurements of carbon dioxide and carbon monoxide have also been used with exhaust flow rate measurements to determine heat release rate (Tewarson and Tamanini 1976, Tewarson and Pion 1977) . However, the heat release rate per mass of carbon dioxide/carbon monoxide is more dependent on the composition of the fuel than is oxygen consumption, and measuring heat release rate using carbon dioxide and carbon monoxide (and other hydrocarbon measurements) is more complex, expensive and time consuming to perform.
Central to oxygen consumption calorimetry is the empirical observation that the heat released per unit of oxygen consumed is approximately constant (Steckler 2000) . Parker (1977) recognized this empirical fact and tabulated the heat release per unit oxygen consumed for 17 fuels. Huggett (1978 Huggett ( , 1980 ) made a more rigorous study of the variations in heat release per unit oxygen consumed over a wider range of fuels and over a range of combustion conditions. He recognized that the concept itself had been discovered by Thornton (1917) . His work established the heat release per unit oxygen consumed as 13.1 kJ/g of oxygen ±5%. Huggett's paper provided a strong foundation for oxygen consumption calorimetry which gave the fire research community the confidence to move forward with developing it as a measurement methodology. The constancy of the heat released per oxygen consumed was also discussed by Babrauskas (1976) in his PhD work on fully developed compartment fires.
Beyond the constancy of the heat release per unit oxygen consumed there was a need to use this empirical fact to actually measure the heat release rate in fire. This was accomplished first by Parker (1977) in his analysis of the ASTM E84 test method. The work had been done in 1974, but was not published until 1977. There were earlier efforts by Hinkley et al. (1968) and by Christian and Waterman (1971) , discussed below, in which the relationship between oxygen depletion in a hooded exhaust was directly related to the heat release rate.
Impact on public safety
The advent of oxygen consumption calorimetry by Parker (1977) allowed fire research to move forward with confidence. The need for the technology was understood by the research community at least as early as 1959 (Emmons 1959) . Finally, there was a straightforward and credible method for measuring the primary metric of a fire, its heat release rate history. Sensenig and Parker (1978) applied OCC to a NIST bench scale test method. Krause and Gann (1980) applied the OCC method to the OSU Calorimeter. By 1982 the cone calorimeter, a fire test method for characterizing the burning behavior of materials using OCC, had been developed by Babrauskas et al. (1982) . By 1985 it was a draft ASTM test method, and by 1990 it was accepted as a full ASTM standard. By 1993, the test method was adopted as an ISO standard. Heskestad (1981) implemented OCC into a large scale fire products collector (10 MW scale) at Factory Mutual (now FM Global). Heskestad rigorously defined the conditions of collection required for accurate calorimetry. Shortly thereafter, a large OCC-based calorimeter for furniture objects was developed (Babrauskas et al. (1982) ). Benchmark heat release rate data was available for the first time (Lawson et al. (1984) ), Alpert and Ward (1983) ). The data was immediately put to use as input data for simple calculations like FIREFORM and zone fire models like CFAST.
Room fire test methods incorporating OCC began development in 1977 as well (Beason and Alvares (1977) , Sensenig (1980) ). Both these papers directly cited Parker's 1977 paper on the ASTM E84 test method as the basis and inspiration for their work. Sensenig (1980) also cited Huggett's 1978 paper on the constancy of the heat release per unit oxygen consumed as a further basis of his work. Work by Williamson and Fischer (1979) and Wickström et al. (1983) began the process of standardizing room fire test methods involving OCC.
Oxygen consumption calorimetry is also widely used during fire suppression testing (Walton (1988) , Dlugogorski et al. (1994) ) where thermal methods are not possible due to heat absorption by the extinguishing agent.
All these efforts were foundational with respect to fire research, quantitative fire protection engineering, and standardized fire test methods. Oxygen consumption calorimeters became widespread in the fire research and testing world. The cone calorimeter design by Babrauskas et al. (1982) and the product fire collector design by Heskestad (1981) became models for the design of calorimeters from bench scale to full scale. The fact that the apparatus required was only an exhaust hood and fan that was required to remove smoke from the lab anyway and instrumentation required included only a flow measurement and oxygen concentration measurement made the OCC approach readily adaptable to a range of measurements and test methods. All this equipment could be installed appropriately in the exhaust system and remain in place for use in all testing using the hood. Smoke obscuration, CO, CO 2 measurements were also typically added. Because the instrumentation was not part of the test setup, but rather was integral to the facility, little test specific work was required. Modern computer-based data acquisition equipment resulted in real time output of heat release rate as the test proceeded.
Oxygen consumption calorimetry has become an integral part of many standard fire tests. Janssens (2008) Oxygen consumption calorimetry has had a significant effect on product R&D activities. The cone calorimeter is the single most used apparatus for studying new and modified materials, for studying the impact of fire retardants, for developing highly fire-resistant polymers and fire protecting coatings. (Grand (1995) ).
Oxygen consumption calorimetry can be applied equally to bench scale test methods to study material flammability (e.g. the Cone Calorimeter) to full scale fire testing of industrial scale fires (~20 MW). Indeed, the MW capacity of a test facility's fire calorimeter is a primary metric of a "large lab". The method has also been used in full scale tunnel fire configurations with heat release rates in excess of 100 MW. The heat release rate from full scale fire tests are widely used as inputs to fire models for the assessment of fire hazards.
A key part of the OCC innovation has been the measurement of heat release rate and the fundamental role it plays in so many research efforts and test methods. The data on heat release rate now available to all fire safety engineers globally to incorporate into their fire models for buildings, transport infrastructure and industrial premises, has been fundamental to the design of facilities which have improved fire safety. In addition the development of numerous small and large scale test methods based on OCC has led to a much greater understanding of fundamental material behavior across a very wide range of materials. This has allowed building and fire authorities to better regulate the use of these materials and significantly reduce the fire risk and improve public safety. Oxygen consumption calorimetry has had a significant impact on the regulation and safety of furnishings and interior finish materials.
Significant technical developments and individual contributors
A DiNenno Prize nomination is expected to be "a single technical development to enhance public safety and its implementation by one or several individuals who made significant contributions to that development".
Technical developments usually evolve from a continuum of work performed by many investigators, inventors and entrepreneurs -each improving on the works of others. While the constancy of heat release rate per unit oxygen was recognized for gases and liquids in the early 20th century outside the fire research community, this concept was recognized and applied in the fire safety field by Dr. William Parker, National Bureau of Standards (NBS) now the National Institute of Standards and Technology (NIST), in 1974. Dr. Parker was a Research Associate at Underwriters Laboratory in 1974, studying the performance of the ASTM E84 tunnel test (Parker 1977) . In the abstract of the study, Parker reported:
While oxygen depletion in the tunnel did not appear to be a dominating factor in controlling the flame spread, the oxygen depletion measured in the exhaust duct beyond the tunnel correlated with the total rate of heat production of the specimens.
In the main body of the experimental section he reported:
The decrease in oxygen concentration of the air leaving the tunnel provides an approximate measure of the heat released by the specimen. This is based on the assumption that for a given volume of oxygen consumed there will be a fixed amount of heat released regardless of the type of fuel.
He tabulated the heat produced per volume of oxygen (STP) for 17 different fuels and observed that the value was constant within about 15%. His first recommendation for improvement of the tunnel test was:
It is suggested that an oxygen analyzer could be included in the standard tunnel test. This measurement is not affected by the heat losses in the tunnel, as is the temperature recorded by the fuel contribution thermocouple. However, the mass flow rate into the tunnel must be constant or known.
The cited NBS heat release rate calorimeter was developed by Parker and Long (1972) , to which Sensenig and Parker (1978) later added OCC capability. It was a bench scale calorimeter which included radiative heating of the sample and measured heat release rate by a thermal compensation method whereby a gas burner is varied to maintain a fixed exhaust temperature in the apparatus exhaust such that the heat release rate of the sample is the same as the reduction in the required burner heat release rate. This was a predecessor of the cone calorimeter.
In 1982, Parker published the detailed methodology and equations required for rigorous implementation of the method in an NBS-IR report. The report provided the methods for applying oxygen consumption calorimetry to various applications (Parker 1982) which was republished in the Journal of Fire Sciences (Parker 1984) . The development and publication of the detailed methodology was important to the growth in the use of OCC and the rigor of the methodology enhanced the credibility of the method. The history of oxygen consumption calorimetry and Parker's central role have been chronicled by Lawson (2009) as part of his history of fire testing and as a classic paper review (Lawson 2012) . The importance of Parker's innovation is clearly shown by the rapid adoption of oxygen consumption calorimetry in fire research work (see for example Beason and Alvares 1977, Huggett (1980) , Sensenig (1980) Thornton's 1917 paper on the constancy of the heat release per unit oxygen consumed for gaseous and liquid fuels. It was he who thoroughly examined the constancy of the heat release per unit oxygen consumed over a wide range of materials and combustion conditions. His paper is the most widely cited paper with respect to oxygen consumption calorimetry and gave the fire research community the confidence to implement oxygen consumption calorimetry in both their research equipment and in standard fire testing methods.
In addition to the seminal work of Parker and Huggett, there have been many contributors to the development and implementation of oxygen consumption calorimetry. In the preface to Heat Release in Fire edited by Babrauskas and Grayson (1992) , the editors state:
The development of heat release rate (HRR) study as an aspect of fire protection engineering has been one of the salient triumphs of the profession during the 1980s. William J. Parker and Clayton Huggett re-discovered the long-obscure principle of oxygen consumption in the late 1970s. Efforts to measure and to use HRR were being carried out prior to that time, but without significant success or penetration into mainstream fire protection engineering. This re-discovery, and the detailed instructions published by Parker on how to carry out computation, changed the situation drastically. It was realized that such HRR measurements provide the very cornerstone of fire protection engineering by quantifying the answer to the question: How big is the fire?
Peter Hinkley, Fire Research Station, Borehamwood UK Peter Hinkley recognized in 1968 that in his wood crib burning tests, there was a correlation between the heat release rate and the oxygen depletion in the hood exhaust (Hinkley et al. 1968) . He recognized the potential of the method in that it did not suffer from lags and losses associated with direct thermal methods. He did not explore the generality or accuracy of the method in any detail and did not follow up on his findings.
William Christian and Thomas Waterman, Illinois Institute of Technology Research Institute They published a paper in Fire Technology (Christian and Waterman 1971) that made use of the oxygen deficiency in the exit flow to estimate heat release rate in a room/corridor fire experimental program. They calibrated their system using propane on the assumption that the heat release rate per unit oxygen consumed was constant. They reported:
It was found that there was essentially a linear relation between heat release rate and airflow rate for these fires, and it was assumed that this relationship applied to all of the fires with real fuel loadings as well. For this assumption to be valid, all of the fires must be equally efficient in using the oxygen available, and the heat release per unit mass of oxygen consumed must be the same for all of the fuels.
Christian and Waterman did not follow up on their findings and did not identify their oxygen consumption findings in the conclusion of their paper.
Darryl L. Sensenig, Armstrong Cork Company, NBS Research Associate As a research associate at NBS, Sensenig worked with Parker in the development of a bench scale calorimeter using the oxygen consumption principle (Sensenig and Parker 1978) . He went on to develop a ¼ scale and full scale room test for interior finish materials using the oxygen consumption principle (Sensenig 1980) . Ralph Krause and Dr. Richard Gann, NBS Researchers at NBS, Ralph Krause and Dr. Richard Gann applied the oxygen consumption calorimetry method to the OSU calorimeter (Krause and Gann (1980) . Their work indicated definite improvements in time response of the OSU apparatus and showed resilience with respect to the relative magnitude of convective vs radiative output of the fire. They cited Huggett's 1980 paper as well as Parker (1977) and Sensenig and Parker (1978) .
Dr. Vyto Babrauskas, Formerly NBS, Fire Science and Technology Inc While Parker invented oxygen consumption calorimetry as an experimental method, moving the technology into standard test methods was an important part of enhancing its reach, importance, and influence. At NBS, Babrauskas developed the cone calorimeter which incorporated the new oxygen consumption calorimetry and moved it through adoption as an ASTM test method. By 1986 a draft ASTM test method had been developed and test method was formally issued as ASTM E1354 in 1990 (Babrauskas 1995) . It was accepted as a draft ISO standard in 1990 and issued in 1993. By 1995, over 100 cone calorimeters were in use world-wide. In 1988 the cone calorimeter was awarded the R&D 100 Award, the first fire test method ever so recognized as a technological innovation. Babrauskas also had a role in the development of the furniture calorimeter using the oxygen consumption principle (Babrauskas et al. (1982) ). Babrauskas and Grayson (1992) edited a book, Heat Release in Fires, which pulled together the theory, development, and application of oxygen consumption calorimetry. It has recently been reprinted and continues to be an important reference work. It is of note that Babrauskas in his study of fully developed compartment fires as part of his thesis work at UC Berkeley had recognized the constancy of the heat release per unit oxygen consumed (Babrauskas 1976) .
Dr. Gunnar Heskestad, Factory Mutual Research Corp. Heskestad developed the first design of a large scale calorimeter using the oxygen consumption calorimetry method (Heskestad (1981) ). His detailed design has been the basis for implementation of accurate fire calorimetry, including the use of oxygen consumption calorimetry in laboratories around the globe. He explored the conditions required to make accurate measurements, contributing to the credibility of the technique. As this summary of early contributors to the development and adoption of OCC shows, the innovation centered on a group of researchers at NBS with important contributions from researchers around the world. The work at NBS was under the leadership of Dr. John Lyons, the Director of the Center for Fire Research. A summary of the research at NBS in that period is included in a history of fire research at NBS (Wright 2003 ).
Summary
The 2016 DiNenno Prize recognizes oxygen consumption calorimetry as a significant technical achievement that has had a major impact on public safety. Oxygen consumption calorimetry has made the measurement of heat release rate of a fire a routine part of fire testing for both research and for regulatory compliance. Heat release rate is a primary metric of fire size which is foundational in modern fire protection engineering. 
